Adoptive transfer experiments in athymic nude mice demonstrated that the demyelination seen in the central nervous system (CNS) following Semliki Forest virus (SFV) infection was directly dependent upon sensitized T lymphocytes. Antibodies generated during the infection did not seem to be involved in the demyelination, but thymus-dependent antibodies (IgG) were responsible for the reduction of brain virus titres. In the absence of a T cell response and T cell-dependent antibody production, virus persisted in the CNS for several months. Despite persistence of high virus titres for this time, only mice eventually developing a CNS inflammatory response developed lesions of demyelination. In the absence of an inflammatory response no demyelination was apparent even after several months of persistent infection. Administration of anti-SFV hyperimmune serum intracerebrally to both infected and control mice did not produce demyelination but resulted in CNS tissue degeneration with marked pycnosis.
INTRODUCTION
Semliki Forest virus (SFV) is a member of the Togaviridae. Following intraperitoneal inoculation of immunocompetent adult mice, the avirulent A7 [74] strain produces a demyelinating encephalomyelitis . Previous studies involving SFV infection of athymic nude (nu/nu) mice and their immunocompetent heterozygous (nu/+) littermates have been carried out by Jagelman et al. (1978) , Bradish et al. (1979) , Chew-Lim (1979) , Berger (1980) , Suckling et al. (1982) and Fazakerley et al. (1983) . In the most extensive study of A7 [74] infection of nu/nu and nu/+ mice , no virus was detectable in the brains of the immunocompetent nu/+ mice after post-inoculation day (PID) 11, but virus was detectable in the brains of the nu/nu mice up to PID 28, and in the study by Chew-Lira (1979) up to PID 35. Demyelination was observed in the nu/+ mice but not in the nu/nu mice. These findings indicate that in normal immunocompetent mice T lymphocytes have some role in the clearance of the brain virus, and in production of the demyelination. Bradish et al. (1979) , in a brief study of the histopathological changes in the brains of A7 [74]-infected nude mice, observed an encephalitis of the same severity as that seen in infected immunocompetent mice. Chew-Lim (1979) and Berger (1980) also examined the brains of A7
[74]-infected nude mice and observed an inflammatory response but noted that this was much less severe than in infected immunocompetent mice. In addition Chew-Lim (1979) noted multiple lesions of demyelination in the brains of infected nude mice. In the study by Jagelman et al. (1978) no inflammation and no demyelination were observed. Fazakertey et al. (1983) demonstrated a requirement for lymphocytes in the demyelination following SFV A7 [74] infection of nude mice. Demyelination was apparent on PID 14 in infected nude mice following adoptive transfers of normal spleen cells. The course of both the inflammatory response and the demyelination could be advanced by 7 days by the transfer of spleen cells previously sensitized to the virus. What is not clear to date is whether T cells have a direct function in the clearance of brain virus and initiation of demyelination by, for example, destroying virus-infected cells, or whether T cells function solely or in part as helper cells in the production of damaging IgG antibodies. This paper investigates the adoptive transfer of defined populations of lymphocytes and of immune serum to SFV-infected mice, and clarifies the role of antibodies and lymphocytes in the clearance of brain virus and the production of demyelination.
METHODS

Mice.
A breeding stock of BALB/c mice carrying the nu gene was originally obtained from the Laboratory Animals Centre, Carshalton, U.K. The mice were bred in, and kept in, sterile isolators throughout the experiments, and were provided with sterile feed and water. Mice of either sex were inoculated with virus when 4 to 6 weeks old.
Virus. The avirulent A7 [74] C2 strain of virus (Bradish et al., 1971) was obtained from the Microbiological Research Establishment, Porton Down, Salisbury, UK. and used without further passage. A sample of this virus was made up in sterile phosphate-buffered saline (PBS) with the addition of 0.75 ~ bovine serum albumin (BAPS), divided into aliquots and stored at -70 °C until use. The stock virus had a titre of 108s 50% intracerebral (i.c.) lethal doses (ICLDs0)/0-02 ml. Adult mice were inoculated intraperitoneally (i.p.) with 10 a8 ICLDs0 of virus in 0.1 ml of BAPS.
Virus assay. Blood diluted 1:10 in BAPS and half-brains for assay were stored at -70 °C until use. The virus infectivity of a sample was determined by homogenizing the tissue to make a 1:10 (w/v) suspension, preparing serial 10-fold dilutions in sterile BAPS and inoculating 0.02 ml of an appropriate range of dilutions i.c. into groups of four to six suckling mice 1 to 4 days old. The ICLDs0 was calculated by the method of Reed & Muench (1938) .
Immunesera/cells. Anti-SFV hyperimmune sera were raised in mice by inoculating them i.p. with 104~8 ICLDs0 of SFV on PIDs 0, 14 and 21 and preparing the sera 7 days after the last inoculation. Hyperimmune spleen cells were produced in the same way.
Antibody titres. An ELISA based on that of Voller et al. (1976) was used to measure anti-SFV IgG levels. Virus was purified by ultrafiltration and sucrose gradient centrifugation as described by Bruton & Kennedy (1976) . A single sucrose gradient was run and the buffer used throughout was 0.05 M-Tris, 0.1 M-NaC1, 0-1 mM-EDTA, 200 mu-glycine, pH 7.4, containing no foetal calf serum (FCS). The purified virus was coated to the bottom of Dynatech PVC microtitre plates. Serum samples were diluted 1/200 in PBS + 5~ FCS and run in triplicate. Goat anti-mouse IgG (Fc IgG1/2a/2b/3) linked to horseradish peroxidase was used as a conjugate (Nordic Immunological Laboratories, Maidenhead, U.K.). The substrate was o-phenylenediamine (Sigma). The difference in absorbance at 492 nm and 690 nm was measured and expressed relative to that of a known positive, pooled PID 21 anti-SFV serum. The coefficient of variation within plates was 8~ and between plates was 12%
Histology. Half-brains were placed immediately after removal in 5 ~ formol saline and processed using standard histological techniques. The brains were sectioned sagitally and 5 ~tm sections were cut from three different areas of each brain. Two sections from each of these three areas were stained with haematoxylin and eosin and two sections from each area with luxol fast blue. In this way a total of 12 sections from each brain was examined. Sections were coded, examined and scored on a scale of + to + + + + according to increasing degree of severity of the lesions, for meningitis, perivascular cuffing, microcystic change and demyelination.
Adoptive transfers. Spleens were removed from uninfected or previously infected nu/+ mice. A single-cell suspension was prepared by passing the spleens through a steel sieve into RPMI 1640 medium with added HEPES buffer (Flow Laboratories), and 0.2~ pencillin/streptomycin. The cells were washed three times in this medium, were enriched for or depleted of T lymphocytes and transferred i.p. to nude mice, 24 h post-infection.
T lymphocyte depletion. T lymphocytes were removed from preparations of spleen cells using a cytotoxic monoclonal anti-Thy 1.2 antibody (F7D5; Lake et al., 1979) . This was a kind gift of Professor N. A. Mitchison (University College, London, U.K.) but can also be obtained from Olac Ltd (Bicester, U.K.). Following titration of the antibody by the system of Lake et al. (t979) , it was used at a dilution of 10 -3. Equal volumes of antibody and spleen cells (4 x 107/ml) were incubated for 30 min at room temperature, the same volume of complement was then added (Low-Tox-M rabbit complement, Cedarlane Laboratories; from Sera-lab, Crawley Down, U.K. ; used at 1/10) and the cells were incubated at 37 °C for 40 min. Cells were washed three times before transfer to infected nude mice. The treatment consistently depleted 30~ of the spleen cells, and depleted cells showed no response to phytohaemagglutinin or concanavalin A in a lymphocyte proliferation assay. Control cells were treated likewise except for the addition of the anti-Thy 1.2 antibody.
Enrichment of Tlymphocytes. The method was essentially that described by Julius et al. (1973) . The spleen cell populations were passed either over glass wool or glass and nylon wool as detailed, to remove dead ceils, macrophages and B lymphocytes. The yield of cells was approximately 32% Treatment of a sample of the purified spleen cell population with anti-Thy 1.2 antibody and complement lysed over 98~ of the cells.
Sampling ofcerebrospinalfluid. Cerebrospinal fluid (CSF) was removed from the cisterna magna immediately after death by a modification of the method of Carp et al. (1971) . The skin overlying the skull and cervical area was cut and turned back and, under a dissecting microscope, the underlying muscle was teased aside. The exposed dura was carefully punctured by a finely drawn capillary tube, used as a small pipette by the addition of a teat. CSF was allowed to rise up the tube by capillary action, in a single aspiration; any samples containing red blood cells were discarded.
RESULTS
Adoptive transfer of T lymphocyte-depleted hyperimmune spleen cells
Twenty-four nude mice were infected i.p. with virus, and 24 h later 12 mice (group A) received 2.6 × 107 spleen cells from hyperimmunized mice, depleted of T cells, and 12 mice (group B) received 3.7 x l07 hyperimmune 'control' spleen cells. All mice remained healthy throughout the study. Table 1 shows the brain virus and serum IgG anti-SFV titres, and the brain pathological changes in these mice.
Anti-SFV IgG synthesis is T cell-dependent (Suckling et al., 1982) . The T cell-depleted hyperimmune spleen cell population contained antibody-producing B cells as demonstrated by the serum antiviral IgG levels of the host mice and the early neutralization of brain virus titres. Demyelination was apparent in the brains of the mice receiving the 'control' spleen cells, which contained activated T cells. Demyelination was apparent from 7 days post-inoculation ( Fig. 1) and was earlier than the demyelination found in immunocompetent mice inoculated with virus alone . No demyelination was present in the mice receiving T celldepleted hyperimmune spleen cells.
Adoptive transfer of T lymphocyte-depleted PID 7 spleen cells
Twenty-one nude mice were infected i.p. with virus and 24 h later received spleen cells from nu/+ mice that had been infected with virus 7 days previously. Twelve mice (group A) received 4 x 107 spleen cells depleted ofT cells and 12 mice (group B) 6 x 107 'control' PID 7 spleen cells. All mice remained healthy throughout the study; three mice were sampled from each group as shown in Table 2 .
Transfer of PID 7 sensitized, T cell-depleted, spleen cells as with the hyperimmune cells resulted in clearance of the brain virus without demyelination, whereas the additional presence of T cells in the transferred 'control' cells produced demyelination by PID 9 (Table 2 ).
Adoptive transfer of purified PID 7 T cells
Twenty-four nude mice were inoculated i.p. with virus, followed 24 h later by spleen cells. Each of 12 nude mice (group A) received 0.7 x 107 glass/nylon wool-passed cells; these were > 98 ~ T cells as determined by cytotoxicity assay using the monoclonal Thy 1.2 antibody. The second Each entry represents the mean of three mice (loglo ICLDso/0'02 ml). :~ Each entry represents the mean of three mice (log~0 1CLDs0/0.02 ml).
group (B) of 12 nude mice received 2 × l0 T glass wool-passed cells. All mice remained healthy throughout, and three mice were sampled on each of the days shown in Table 3 . Demyelination was apparent by PID 9 following the transfer of both the enriched T cell population (depleted of B cells and macrophages), and the control cell population depleted of macrophages.
Transfer of immune serum lntraperitoneally
Twenty-two nude mice infected with virus were given daily i.p. inoculations (from PID 1 to 8) of 0.1 ml of hyperimmune anti-SFV sera (IgG titre by ELISA 1.243). Two mice were sampled on each of the days shown in Table 4 .
Administration of immune serum to infected nude mice rapidly cleared brain virus, but failed to produce demyelination. 
IntracerebraIly
Ten SFV-infected nude mice and ten control uninfected nude mice were inoculated i.c. with SFV hyperimmune sera, and ten control uninfected nude mice with control normal mouse sera. Each mouse received 0.1 ml of serum, inoculated into the right ventricle, on PIDs 4, 8 and 12. Several of the mice died as a result of the repeated inoculations but two mice were sampled from each group on each of days 12 and 14. No brain virus or serum antiviral IgG were detectable in any of the mice.
Histopathological examination of the brains revealed no inflammatory response, no meningitis, perivascular cuffing or demyelination. However, a degenerative change was apparent on both sides (injected and control) of the brains of both the infected and uninfected mice given anti-SFV serum. No such changes were seen in the brains of the mice given control, normal mouse serum. This degeneration was most often submeningeal, periventricular or perivascular. These are the areas most accessible to attack following diffusion of the injected antibodies. In addition to this degenerative change there were pycnosis and loss of neurons, which were particularly obvious in the hippocampus (Fig. 2 and 3 ). Again this was only seen in the brains of the mice given the anti-SFV serum, and not in the mice given control serum. 
Persistence of SFV A7 [74] in the brains of nude mice
Following infection with SFV A7 [74] , groups of nude mice were sampled up to 7 months later and their brain virus, serum antibody titres and brain pathological changes were determined. In addition the CSF cell count was measured (Table 5) . Parsons & Webb, 1982) .
Mice B3 and D4 had paralysis of the hind limbs and most of the mice were thin and looked unwell. Most infected nude mice died by about 6 months.
The results demonstrate that with the exception of one mouse (C2) out of 20 with high serum antibody titres, high titres of SFV were detectable in the brains of 19/20 nude mice surviving up to 210 days (7 months) post-infection. This long-term persistence of the A7 [74] strain of SFV resulted in no obvious destruction of central nervous system (CNS) cells, and no demyelination except in three mice developing an inflammatory reaction, which was as intense as that seen on PID 14 in normal immunocompetent mice.
DISCUSSION
It can be concluded from the results that demyelination with the A7 [74] strain of SFV results from the direct activity of T lymphocytes and not from T cell-dependent antibody production, and that neutralization of brain virus is performed by antibodies. That T lymphocytes are directly involved in the demyelination is supported by the detailed electron microscopic studies of Pathak et al. (1983) on a demyelinating lesion in the spinal cord of an SFV-infected mouse. In the early stages lymphocytes are seen in close association with astrocytes, oligodendrocytes, myelinated axons and axons with degenerating myelin. In later lesions macrophages can be seen removing the damaged myelin, the axons remaining intact.
No loss of oligodendrocytes was observed even in the persistently infected nude mice, demonstrating that unlike the mutant M9 strain of SFV (Sheahan et al., 1983 ) the A7 [74] strain of SFV is not lytic for these cells. Differences in CNS tropism and destruction by two different variants of the same virus is not unique and is seen with different strains of mouse hepatitis virus (Knobler et al., 1981) , and Theiler's virus (Lipton & Dal Canto, 1979) .
During SFV infection of normal immunocompetent mice, a disturbance of the blood-brain barrier is apparent between PIDs 4 and l0 (Parsons & Webb, 1982) . The clearance of brain virus within 4 days of commencing intraperitoneal administration of antibody demonstrates that the blood-brain barrier is also permeable at this time in nude mice, despite the absence ofa T cellmediated CNS inflammatory response, and suggests that disruption of this barrier is a direct consequence of viral infection or of the virus-antibody interaction.
SFV has been shown to persist in the brains of normal immunocompetent mice following administration of defective interfering particles (Atkinson et al., 1986) . The present results demonstrate that a life-long persistent infection occurs in athymic nude mice. Brain virus titres remained high even in those persistently infected mice eventually developing a pleocytosis or an inflammatory response. This raises the possibility that the mice become tolerant to the virus, and if this is so what is the reactivity of the inflammatory response observed ? One possibility is that the infection generates an autoimmune reaction .
In the animals kept for over 2 months the presence in 5/20 of antiviral IgG antibody in the sera, significantly high CSF white cell counts in 5/16, a low level inflammation in the brains of all mice and in 4/20 of an inflammatory response as intense as that seen at 14 days in normal immunocompetent mice, suggests at least some T cell competence in some of these athymic nude mice. SFV-infected nude mice have been shown to produce low levels of virus-specific IgG (Suckling et al., 1982) . Nude mice have been shown to have precursors of interleukin-2-producing T cells in their bone marrow (MacDonald & Lees, 1984) . The number of Thy 1-positive cells in the spleens of BALB/c nu/nu mice has been shown to increase with age (Piguet, 1980) reaching 10~o of normal values by 6 months (MacDonald et al., 1981) . The number of Thy 1-positive cells in nude mice increases not only with age but also following environmental stimulation. Scheid et al. (1975) found increased numbers of Thy 1-positive cells in nude mice infected with mouse hepatitis virus. It is thus likely that the serum antiviral IgG production, the CSF pleocytosis, the CNS inflammatory response and the demyelination seen in the SFVinfected nude mice represent T cell activity in some of these aged persistently infected mice. T cell activity was most apparent after 170 days of infection; at this time the mice were about 29 weeks of age.
Tissue degeneration and pycnosis occurred on both the inoculated and control sides of the brains of both infected and uninfected mice given hyperimmune anti-SFV serum i.c. Control serum had no such effect. Further research is needed to determine the mechanism by which SFV immune serum produces this damage, the target cell(s), and the possibility that autoantibodies are involved.
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